Introduction
One in five adults develops acute kidney injury (AKI) during a hospital stay worldwide and AKI affects up to 50% of critically ill patients [1] [2] [3] . The most frequent causes of AKI in the critically ill are sepsis, hypovolemia, nephrotoxic agents, and major surgery [4] . Mortality remains high between 20 and 60% depending on the underlying disease [4, 5] . Even survivors of only mild or short episodes of AKI are predisposed to a greater risk of developing chronic and end-stage renal disease or severe cardiovascular complications in later life. These facts underline the importance of AKI as one of the major organ failures during sepsis and critical illness. Currently there is no specific pharmacologic intervention available to treat AKI. Therefore, preventive strategies to avoid AKI whenever possible are crucial. To develop such strategies early recognition of AKI but also understanding the underlying pathophysiology of septic AKI is most important. However, during recent decades there have been some misconceptions in the underlying mechanisms leading to AKI. Lessons had to be learned, which might be of importance to develop new preventive or even therapeutic strategies not only in AKI, but also in other organ failure. The aim of this article is to focus on some of these changing concepts in prevention and therapy of AKI.
Definition, early detection, and identification of "high-risk" patients
For decades the diagnosis of AKI has been based on a rise in serum creatinine (S-Crea) and/or a fall in urine output (UO), but many different definitions concerning these two parameters had been used. As a major improvement, the KDIGO guidelines combined these different definitions to one uniform definition [1] . However, by relying on S-Crea and UO changes the KDIGO definition is still limited by a timely and also accurate diagnosis. Moreover, it not only neglects subclinical forms of kidney dysfunction and damage, but is also not able to identify patients at high risk for AKI. Electronic automated alert systems were developed to warn healthcare providers as soon as a rise in S-Crea is detected [6] . In addition, a variety of renal biomarkers have been identified to recognize functional changes and even damage to the kidneys prior to an S-Crea rise or drop in UO [7, 8] . However, up to now no clear outcome benefit has been demonstrated for measuring these markers or for early alert systems [9] . Thus, they have not found their way into clinical practice yet. Very recently there has been promising work on modelling adverse events from electronic health records suggesting that the incorporation of machine learning algorithms may enable early risk prediction for AKI [10, 11] . But evidence that these predictive alerts can improve outcome is again still lacking. To be effective these alerts must empower clinicians to apply preventive strategies before a clinical decline occurred.
Preventive measures for AKI
The clinical management of patients with "high risk" or already established AKI has shown wide variability. So with the introduction of the "KDIGO AKI care bundles" a more uniform standard of care has been established ( [1] ; . Fig. 1 ).
According to these bundles the majority of the proposed measures should be considered already in "high risk" for AKI. This underlines the critical need for identifying high-risk patients early. Since there is no effective pharmacological treatment toreverse AKI, the mainstay of management consists of prevention of further damage by ensuring volume status and organ perfusion with hemodynamic resuscitation in addition to avoiding further nephrotoxic insults. However, the optimal targets of hemodynamic resuscitation are not known and there have been a couple of common beliefs on pathophysiological mechanisms in septic AKI which have been contradicted by recent studies.
Septic AKI is not global renal ischemia
Initial post-mortem and biopsy findings some decades ago found acute tubular necrosis (ATN) as the predominant histopathology in AKI. So in analogy with other shock forms, as cardiogenic or hemorrhagic shock, it was thought that septic AKI is predominantly the con- sequence of intrarenal vasoconstriction and global renal ischemia leading to ATN [12] . In addition, former studies found intrarenal vasoconstriction and a decline in renal blood flow (RBF) as the underlying explanation for such renal ischemia. However, RBF is difficult to measure in humans and newer data in patients or also animals with hyperdynamic shock states like septic shock found that global RBF is preserved or even increased [13] . So the renal circulation seems to participate in the systemic vasodilatation seen during severe sepsis/septic shock and global RBF does not diminish, but AKI still can develop [14] . Importantly, the normal mean pressure gradient driving glomerular filtration (GFR) is only approximately 10 mm Hg, demanding close autoregulation of glomerular capillary pressure by modification of the relative resistances in the afferent and efferent glomerular arterioles to maintain GFR (. Fig. 2 ). In hyperdynamic septic shock, cardiac output is increased in the context of systemic vasodilation and hypotension. In these circumstances, systemic vasodilation will affect the kidney. Because baseline efferent tone is higher than afferent tone, this causes preferential efferent vasodilation and the development of a high-flow, lowpressure renal circulation in which GFR becomes uncoupled from the increase in RBF (. Fig. 2 ). Despite high RBF, glomerular filtration pressure may be too low to drive effective ultrafiltration. In this context, histological assessment of postmortem kidneys from nonsurvivors of septic AKI shows heterogeneous, inflammatory tubular and microvascular injury, but an absence of ATN or severe tubular cell apoptosis in most cases. These findings suggest that defects of septic AKI may be functional rather than structural in nature and therefore potentially reversible. Vasopressors rather than vasodilators may be helpful to correct systemic but also intraglomerular pressures and consequently GFR and renal function. Moreover, microcirculatory dysfunction and redistribution of intrarenal perfusion away from the medulla to increased renal cortical tissue perfusion may be another explanation for increased tubular stress and ischemia, which may affect nephron integrity [15] . In addition, inflammation and bioadaptive responses to injury, including mitochondrial dysfunction, downregulated cell metabolism and cell-cycle arrest are other proposed mechanisms leading to severe functional impairment despite preserved renal hemodynamics and histology [16] .
Vasopressor therapy-cornerstone of AKI prevention and therapy
Since the former misconception that intrarenal vasoconstriction predominates septic AKI renal vasodilators have been proposed for AKI prevention and therapy for many years. But all clinical trials on vasodilators (e.g., renal-dose dopamine, fenoldapam, atrial natriuretic peptide, levosimendan) failed to show any benefit. Moreover vasodilators may cause hypotension by counteracting compensatoryvasoconstriction, thus, unmasking occult hypovolemia and leading to further deterioration of kidney function. In contrast, vasopressors have been shown to improve kidney function and several clinical studies with both norepinephrine and vasopressin have shown improvement, not deterioration, of kidney function with increased MAP in patients with sepsis [17, 18] . Norepinephrine is the first-choice vasopressor recommended to restore mean arterial pressure (MAP) to at least 65 mm Hg [19] . Vasopressin is recommended as a rescue vasopressor for patients who are not responsive to norepinephrine and/or for reducing the dose of norepinephrine [18] . Since vasopressin and also angiotensin II may have a stronger pressor effect on postglomerular arterioles than norepinephrine, both substances have been proposed to have advantages in AKI. A recent meta-analysis on a patient basis showed a significant reduction for the need of renal replacement therapy in septic shock with vasopressin in comparison to norepinephrine [20] . For angiotensin II a faster recovery of renal function and a decreased mortality have been shown in a subgroup of the ATHOS-3 study [21] . Further studies are needed to confirm these preliminary observations.
Individual MAP goals
In AKI guidelines usually a MAP goal ≥65 mm Hg is recommended [17, 18] . However, the exact MAP and perfusion targets to prevent AKI in individual patients are not known. In patients with pre-existing arterial hypertension higher blood pressure levels to above 80 mm Hg
Abstract · Zusammenfassung
Med Klin Intensivmed Notfmed https://doi.org/10.1007/s00063-020-00659-2 © Springer Medizin Verlag GmbH, ein Teil von Springer Nature 2020
S. John
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A stage-based management of AKI comprises more general measures like discontinuation of the nephrotoxic agent but most importantly early hemodynamic stabilization. Recent research has contradicted that AKI is renal ischemia caused by vasoconstriction with consecutive tubular necrosis. In septic AKI, renal blood flow is even increased. Intrarenal vasodilation together with microcirculatory changes and redistribution of blood flow lead to a drop in glomerular filtration by functional changes. Accordingly it had to be learned that not vasodilators but vasoconstrictors are beneficial in AKI. A mean arterial blood pressure target of >65 mm Hg is often recommended but exact targets are not known, and patients with pre-existing hypertension even need higher perfusion pressure. Also the concept that fluid therapy is always beneficial for the kidney in shock states had to be revised. A volume restrictive therapy with only balanced crystalloids is also becoming more important in AKI. Still no specific pharmacological therapy for renal protection is available. Inflammation and mitochondrial dysfunction appear to play a significant role in AKI. Anti-inflammatory strategies are under investigation and may become more important for AKI prevention and therapy in the future. (This article is freely available.)
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Akutes Nierenversagen · Hämodynamische Stabilisierung · Vasopressoren · Volumentherapie · Sepsis appear to be associated with less AKI and RRT (renal replacement therapy) need in one study [22] . This finding in septic shock patients may be important not only for AKI prevention but also for other organ failure prevention and underlines the need for more individualized pres-sure and perfusion targets as well as organ failure prevention strategies. In hyperdynamic septic shock renal perfusion may be increased by efferent vasodilation by reducing overall renal vascular resistance but results in reduced glomerular filtration pressure. Adapted from [13] states but is also an effective measure in preventing AKI through restoration of circulating volume and improving impaired renal perfusion [18] . Since prerenal AKI states typically respond rapidly to intravenous fluid therapy it was thought to be helpful in almost all other forms of AKI. Fluid therapy seems to be a logical option to increase stroke volume, cardiac output and RBF, renal oxygen supply and perhaps GFR. However, at least in septic or post-operative AKI multiple studies confirmed an independent association between a positive fluid balance and mortality [23, 24] . As pointed out, RBF is already high in septic AKI and fluid administration can lead to an increased workload to the kidneys because of increased filtration of sodium chloride leading to increased reabsorption by tubular cells with an increased O2 and ATP demand. Furthermore aggressive fluid therapy in septic shock will cause fluid overload and severe interstitial edema and increased parenchymal pressure in almost all organ tissues, also in the kidneys [13, 25] . Increased central venous pressure reduces the transrenal pressure gradient for RBF, therefore, decreasing kidney perfusion [26] . In addition, increased interstitial and tubular pressure induced by interstitial edema formation may reduce or even abolish the net glomerular filtration pressure gradient [27] . Increased preglomerular resistance in response to tubular injury further reduces RBF and glomerular filtration pressure. Hyperchloremia, as caused by chloride-rich infusion solutions, might contribute to preglomerular vasoconstriction by a pathophysiological activation of the tubular-glomerular feedback mechanism. In severe form of fluid overload intra-abdominal hypertension may develop which restricts venous drainage and extrinsically compresses the kidney (. Fig. 3 ).
Fluid therapy-not always beneficial for the kidneys
Thus fluid overload seems to be associated with major adverse kidney events in critically ill patients with AKI requiring continuous renal replacement therapy [28] . Based on these pathophysiological considerations there are no studies showing that aggressive fluid therapy or a positive fluid balance are beneficial to kidney function in settings other than majorbodyfluid lossesand severe volume depletion. In contrast, observational data indicated an increased risk of AKI with increasing central venous pressure and a positive fluid balance in adjusted analyses of ICU patients [26] . Recently the randomized CLASSIC trial suggested that additional fluid may not increase urinary output [29] . In this trial patients with septic shock were randomized to either a protocol with restrictive fluid resuscitation or a protocol with standard care. In the fluid restriction group significantly fewer patients had worsening of AKI than in the standard care group. Also in the three-armed PROCESS trial, the group of septic patients who received the highest amount of fluids (standard care group) had also the highest risk of new onset AKI compared to the other two groups (EGDT [early goal directed therapy] and usual care group) [30] . Very recently the RIFTS trial demonstrated that a restrictive resuscitation strategy can successfully reduce the amount of i.v. fluid administered to patients with severe sepsis and septic shock compared with usual care. Although limited by sample size, the trial observed no increase in mortality and organ failure including AKI with the restrictive fluid strategy [31] . Since fluid overload is strongly associated with adverse outcomes it should be carefully guided with the employment of early vasopressor support. However, the optimal balance between vasopressor support and fluid resuscitation remains to be better determined. But minimizing the necessary fluid intake during the initial resuscitation phase seems to be of great importance because the later process of fluid removal will necessarily induce intravascular hypovolemia with falls in cardiac output and the consequent risk of recurrent renal or other organ injury. Recently, it has been shown that among critically ill patients with fluid overload and receiving CRRT (continous renal replacement therapy) with a high ultrafiltration inten- Minus the counterdirected intracapsular and colloidosmotic pressure net glomerular filtration pressure is approximately 10 mm Hg.In septic states capillary pressure is already reduced.Fluid overload with increased renal venous pressure and increased vascular permeability leads to intrarenal edema formation and increased intracapsular pressure.Consequently glomerular filtration pressure and glomerular filtration rate (GFR) will be reduced. In the same way increased intra-abdominal pressure will cause functional deterioration of GFR. Adapted from [27] sity compared with a lower intensity was associated with lower survival [32] .
Balanced crystalloids-best choice for the kidneys
There has been a long lasting debate which type of i.v. fluids should be administered in septic shock but also in AKI. Most of the answers we have today came from the renal side effects of certain fluids. Large trials and systematic reviews demonstrated increased rates of AKI and use of RRT and even increased mortalitywithhydroxyethyl starch(HES) in critically ill patients, including those with sepsis [17] . So there is high evidence that HES is not recommended in sepsis or AKI [27] . For the use of gelatins a similar recommendation appears warranted for patients with AKI; however the evidence base for this statement is much lower. Albumin, on the other hand, seems to be safe in AKI patients, but whether there is an advantage compared to crystalloids remains to be proven [33] . Crystalloids are the accepted first-line i.v. fluid in sepsis and AKI and high quality studies have recently demonstrated that low chloride, balanced crystalloids (e.g., Ringer's) are associated with a lower AKI risk than chloride-rich 0.9% saline [34, 35]. Be-sides the induction of hyperchloremic acidosis, chloride-rich solutions can lead to progressive intrarenal, preglomerular vasoconstriction with the consequence of a decrease in GFR.
Inflammation and mitochondrial dysfunction
There is still no specific treatment for AKI. Since septic AKI with significant functional impairment can occur despite preserved global and renal hemodynamics and histology other mechanisms are postulated to be of major importance in the development of AKI. As a "unifying theory" it has been conceptualized that sepsis-induced AKI may represent the early clinical and biochemical manifestation of an adaptive response of tubular cells to an injurious, inflammatory danger signal [36] . During sepsis, inflammatory mediators and damage or pathogenassociated molecular patterns (DAMPs/ PAMPs) will not only activate the immune system but also mediate host cellular injury. The interplay of inflammation and microvascular dysfunction and oxidative stress may amplify these signals with the consequence of mitochondrial dysfunction within tubular cells leading to a complete metabolic downregulation and reprioritization which favors individual cell survival processes, such as maintenance of membrane potential and cell cycle arrest, at the expense of kidney function [16, 36] . Thus, future targets for prevention and therapy of AKI may represent a better protection of the microvasculature and the endothelium, an improved balance in energy utilization and especially a modulation of inflammation.
Recently, alkaline phosphatase (AP), an endogenous enzyme that exerts detoxifying effects through dephosphorylation of various PAMPs, including bacterial endotoxin and proinflammatory mediators such as extracellular ATP, has been proposed as a specific therapy for AKI. The STOP-AKI trial, a randomized, double-blind, placebo-controlled dose-finding study determined the optimal dose but also effects on kidney function of a human recombinant AP in critically ill patients with septic AKI [37]. However, this study was not able to demonstrate a significant improvement in short-term kidney function (7 days) as the primary outcome, but a beneficial effect on kidney function after 28 days was discussed. In addition, AP beneficially affected "major adverse kidney events" (MAKE) at 60 and 90 days, mainly driven by a dif-ference in survival. However, mortality was not a prespecified endpoint in this small study. Further research in a larger clinical trial is needed todetermine effects of AP not only on kidney function but on the septic process and organ failure prevention in general. Perhaps lessons learned from AKI may be beneficial even for mortality in septic patients. 
